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ABSTRACT: This paper used dynamic FEM model instead of continuum elastic 
layered system to simulate whole or broken semi-rigid base asphalt pavement response 
under FWD. Calculating results indicated that the sublayer strength can be evaluated by 
special FWD deflection basin parameter. Subgrade modulus (Esg) can be well 
evaluated by Curvature Index CI7 and Shape Factor F8 and the estimated results were 
not affected by pavement structure cracking condition. Whether Esg greater than 
170MPa or not is defined as pavement subgrade failure criteria. Curvature Index CI3 can 
use to indicate the semi-rigid base layer structural condition and its criteria is CI3 value 
greater than 60um. This method have been applied and validated successfully in Jialiu 
Expressway rehabilitation project in Shanghai. It can more precisely distinguish weak 
sections for pavement rehabilitation design.  
 
INTRODUCTION 
 
   After more than ten years continuing development, a large part of expressway 
pavements in China that mostly were semi-rigid base asphalt pavement type has stepped 
into rehabilitation phase. All the semi-rigid bases were made of lime and fly-ash 
stabilized aggregate or cement stabilized aggregate. These pavement structure 
rehabilitation projects require to divide the whole road into analysis sections by 
structural bearing capacity, service condition, etc, especially base layer structural 
condition and subgrade strength. One analysis section has one representative evaluation 
result used in design procedure. In China highway agencies used to using Benkelman 
Beam deflection data to analyze pavement strength and divide road section. But the B-B 
surface deflection reflects the full-depth pavement bearing capacity, but it can not show 
the base layer and subgrade condition, which impair designer making correct 
rehabilitation practice. 
To date, Nondestructive testing (NDT) is widely recognized as an important tool for 
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pavement structural evaluation. Falling weight deflectometer (FWD) has gained 
acceptance as the most developed pavement structural testing device for its ability to 
apply heavy load and to simulate actual truck traffic wheel loading. Currently, a number 
of FWD backcalculation programs can estimate each layer modulus by modeling 
pavement as linear or nonlinear elastic system; these moduli are then used to compute 
the effective pavement structural capacity.  
   Actually, these semi-rigid base asphalt pavement in rehabilitation phase usually has 
been broken by cracking, interface sliding, so using continuum elastic layer system 
model to will cause unreasonable backcalculation moduli results. AASHTO(1993) 
suggests not to calculate existing pavement structural number (SNeff) using inverse 
effective moduli of each layer in pavement rehabilitation evaluation. Uddin, Z. Pan 
found that broken or distressed pavement causes backcalculated moduli’s difference, 
and developed new revised backcalculation software. Yusuf Mehta found that 
pavement structure condition such as layer broken, depth, and temperature variation 
effected deflection bowl shape more than the inverse moduli. Cong Lin demonstrated 
distressed and broken semi-rigid base pavement generates anomalistic deflection bowl 
under FWD load, which diminishes the usefulness of traditional backcalculation 
methods. Friedrich W.J. described a fast computer program (PROBE) that calculates 
important mechanistic response parameters and determines the quality of data and the 
degree of structural integrity of the pavement layers under whole or broken conditions. 
For this reason, the new approach should be adopted to interpret FWD data in order to 
evaluation the sublayer structure condition of semi-rigid base asphalt pavement. 
 
OBJECTIVE 
 
1. Build the dynamic hypothesis FEM model of whole and broken or cracked 
semi-rigid base asphalt pavement. 
2. Using systematic statistic regression analysis, study the deflection bowl index to 
interpret the degree of structural integrity of the semi-rigid base layer and quality of 
soil subgrade strength and set up the base layer and subgrade strength failure 
criteria.  
3. Apply and validate the new method through practical project. 
 
WHOLE AND BROKEN PAVEMENT FEM MODEL  
 
   The FWD load is assumed as 0.7Mpa peak haversine impulse load in 30ms duration 
time and distributing over a circular contact pressure area 15cm in radius. According the 
field semi-rigid base asphalt pavement distressed condition survey, transverse cracking, 
longitudinal cracking and block cracking is the main distressed type. The pavement 
FEM models simulate the whole integrity structure and distress structures considering 
different cracking types, position, depth, extension and tensity. 
   In order to set up a reasonable deflection data ware, a series of semi-rigid base 
pavement structure combinations and materials properties is considered as Table 1. 
Assembling all above factors by random, 11808 pieces of pavement model were got 
finally. It took half a year to calculate all the FEM models to generate the deflection data 
ware. 
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Table.1 Parameters for Semi-Rigid Base Asphalt Pavement FEM Model 
 
Parameter AC layer Base layer Subbase layer Subgrade 
Thickness (cm) 9, 12, 15, 18, 21 20, 30, 40 15, 20, 30, 40 Infinity 
Modulus（GPa） 1, 2, 4, 7, 11 1, 3, 6, 9, 20 0.4, 2, 4, 7, 13 0.035, 0.1, 0.2, 0.35 
Density（kg/m3） 2400 2200 2100 1800 
Poisson’s Ratio 0.30 0.25 0.25 0.30 
Damping (%) 5 5 5 5 
 
   Five types of deflection bowl shape indexes were used to obtain the layer modulus and 
structure integrity condition through systematically statistic regression software SPSS, 
including: direct deflection; curvature Index; Shape Factor; Slope index; Area index. 
 
SUB-GRADE SOIL MODULUS CALCULATION AND FAILURE CRITERIA  
 
   From the above extensively deflection systematically statistic analysis results, it was 
found that among all the five types deflection indexes, combination of Curvature Index 
CI7 and Shape factor F8 can uniquely determine the subgrade modulus, seeing Figure 1. 
Essentially, this statistic relationship was regressed from all the whole and broken 
semi-rigid base asphalt pavements, so it was also effective for the severely cracked and 
broken pavement evaluation in rehabilitation projects. The definition of CI7 and F8 is as 
follow:  
 
7 7 8CI d d= −       (1) 
7 9
8
8
d dF
d
−
=       (2) 
Where: 7 8 9d d d、 、  respectively are surface deflection of Number7, 8, 9 geophone of 
FWD, mμ . 
 
FIG.1.  Relationships among CI7,F8,and 
subgrade modulus Esg 
 
FIG.2.  Relationship between Esg of FWD 
and static resilient modulus 
 
   In Huning Expressway rebuilding project and Jialiu Expressway rehabilitation project 
both in Shanghai, FWD deflection, Bearing Plate and Benkelman Beam deflection were 
well planned and measured on the whole and severely cracked pavement section. The 
Esg=200MPa
Esg=35MPa 
Esg=100MPa
Esg=350MPa
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FWD was tested on the pavement surface, and at the same position the other tests were 
carried out on the subgrade surface right after the upper layer dismantled. By this way, 
for the same subgrade position dynamic modulus was calculated from FWD testing 
deflections using CI7 and F8 relationship; correspondingly, the static resilient modulus 
was calculated from the Bearing Plate and Benkelman Beam deflection testing data 
using standard method. The final calculation results were shown in FIG 2. the fine 
relationship between them demonstrates that the FWD sub-grade modulus calculation 
method is reasonable.  
   In asphalt pavement design specification of china, the static resilient modulus of 
subgrade soil is specified as no less than 30Mpa for high grade asphalt pavement. So 
according to the relationship between dynamic modulus back calculated Esg of FWD 
and static resilient modulus measured by bearing plate testing, Esg above the minimum 
limit 170MPa is defined as the expressway asphalt pavement’s sub-grade failure 
criteria, shown as in Fig 2.  
 
BASE LAYER BROKEN CONDITION DISCRIMINATION CRITERIA  
 
Semi-rigid base layer contributes the large part bearing capacity of asphalt 
pavement, cracks and broken is its main deterioration types, so judging the base layer 
broken or not by NDT is the premise to determine whether to replace it in rehabilitation 
project. The above deflection data ware statistic regression shows that CI3 is the most 
sensitive index to the base modulus and broken condition.  
 
433 ddCI −=       (3) 
Where: d3, d4 are surface deflection of Number3, 4 geophone of FWD, respectively. 
 
 
 
FIG.3. Intact and broken semi-rigid base layer comparison by CI3 index. 
 
   This project chose a new expressway semi-rigid base asphalt pavement in Shanxi 
Province to test deflection basin by FWD, so its CI3 results certainly reflected the whole 
intact base layer structure condition. Correspondingly, the same type pavement 
structure in Jialiu expressway rehabilitation project in Shanghai was tested by FWD. 
After surface deflection testing, surface asphalt layer was wiped out and semi-rigid base 
layer was well checked by experienced engineers by walk to find the cracked and 
distressed position in the semi-rigid base layer, these positions were screened on its 
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surface deflection. Totally, there were 23 effective testing points (listed on X-axis). By 
this way, it can get the relationship between CI3 index and structural condition of the 
semi-rigid base layer. Both of the CI3 index final result is shown in FIG 3. 
   Obviously, base layer in a distressed and broken condition, its CI3 will increase over 
60um, so this 60um CI3 divining line is suggested to be the semi-rigid base layer broken 
condition discrimination criteria. Although there were 3 points not according with the 
law, this criterion can be accepted considering the complexity of field testing. 
 
APPLICATION OF THE SUBLAYER STRENGTH EVALUATION METHOD  
 
   In May 2008, one 2 Km long road segment was tested by FWD in Jialiu Expressway 
to apply and verify the sublayer strength evaluation method to distinguish the failure or 
weak semi-rigid base asphalt pavement section. The deflections of nine geophones of 
total 35 points were drawn in Fig 4. 
   Using above relationship functions to calculate all of the subgrade soil dynamic 
modulus Esg and semi-rigid base layer CI3, the results were shown in Fig 5 and Fig 6. 
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FIG.4. Intact and broken semi-rigid base layer condition comparison by CI3 index 
    
 
FIG.5.  Esg ranging in the tested 
segment   
 
FIG.6.  CI3 index ranging in the tested 
segment 
 
   After milling out the surface asphalt layer, core the base layer at point 4 and 33, 
marking 1 and 2 in Fig6. The coring specimen showed that base layer at point 4 was 
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well and integrity, but the base was broken and loose at point 33 even not to get one 
integrity core. These was consistent with judgment result by CI3 that base layer at point 
33 was poor and broken. The Esg values from point 18 to point 35 in Fig 5 were almost 
below 170MPa, so the segment can be distinguished as poor subgrade section. In Fig 6, 
the base layer section from point 26 to point 35 was in broken condition. Finally in the 
rehabilitation practice, the section between points 24 to point 35 was designed to mill 
out asphalt layer and base layer, improve subgrade strength by mixing lime and 
compaction, and then rebuild the cement-treated base layer. This project got a satisfied 
appraise from all the attendant parts. 
 
CONCLUSIONS 
 
   The investigations carried out have been particularly concerned with expressway 
rehabilitation project in Shanghai. This study has led to the following conclusions: 
1. For the severely cracked and broken semi-rigid base asphalt pavement, it can not use 
FWD deflection bowl to estimate sublayer structural condition effectively for the 
rehabilitation project by backcalculation program based on the continuum elastic 
layer system. 
2. Combination of Curvature Index CI7 and Shape factor F8 can uniquely determine the 
subgrade modulus even in the severely cracked and broken pavement condition. 
Whether Esg larger than 170MPa or not is defined as pavement subgrade failure 
criteria. 
3. Curvature Index CI3 can well indicate the semi-rigid base layer structural condition, 
the value 60um of CI3 is suggested to be the semi-rigid base layer broken condition 
discrimination criteria. 
   Finally, due to space limitations, only the major parts are highlighted herein. The 
methods have been successfully applied in Jialiu Expressway rehabilitation project in 
Shanghai. Moreover further validation studies are ongoing in other practical projects. 
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